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Abstract 
The available static geological model of the Stuttgart Formation at the Ketzin pilot site was revised based on the re-
interpretation of the available 3D seismic data. Using this model three independent modelling groups initiated an 
intercomparison study using the standard industrial (ECLIPSE 100) and scientific dynamic flow simulations codes 
(TOUGH2-MP/ECO2N, DuMuX and OpenGeoSys) to employ their strategies for matching of downhole pressure and 
CO2 arrival times. The current results demonstrate that the introduction of distinct near- and far-well areas with 
different permeability tensors is required to achieve a reasonable match with the data observed at the Ketzin pilot site. 
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1. Introduction 
CO2 injection at the Ketzin pilot site located in Eastern Germany (State of Brandenburg) about 25 km 
west of Berlin is undertaken since June 2008 with a scheduled total amount of about 70,000 t CO2 to be 
injected into the saline aquifer represented by the Stuttgart Formation at a depth of 630 m to 650 m until 
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the end of August 2013 [1-2]. The Stuttgart Formation is of fluvial origin composed of sandstone channels 
of high permeability embedded in floodplain facies of low permeability and a high heterogeneity of facies 
distribution, porosity and permeability [3]. The geological model of the Stuttgart Formation [4] was 
revised within the scope of the present study, and served as the basis to match CO2 arrival times in the 
monitoring wells and reservoir pressure to the observations. A code intercomparison between industrial 
(ECLIPSE) and scientific dynamic flow simulations codes (TOUGH2-MP/ECO2N, OpenGeoSys and 
DuMuX) was carried out to review the simulator capabilities by means of representing a complex 
heterogeneous reservoir. The simulation results achieved by the three participating modelling groups 
using four different numerical simulators are discussed within the scope of this manuscript. 
2. Revision of the static geological model 
The Stuttgart Formation in Ketzin consists of siltstones and mudstones deposited on a flood plain, in 
which sandstones of the channel facies are incised [3]. In distinct areas of the German Basin, a south to 
southwest-oriented palaeocurrent with transport from northern and eastern Europe across the German 
Keuper basin was observed [5]. However, flow directions for the northern part of Germany cannot be 
determined due to absent outcrops. In addition, the lateral extension of the channel belts, formed by 
amalgamation of individual fluvial channels, is highly variable. At Ketzin, the Stuttgart Formation is 
about 72 m thick [3] and the lateral extension of the channel belts may account from about 600 m to 
2,500 m [4]. The encountered sandstones show the same homogenous grain-size pattern as observed 
basin-wide, indicating rapid transport and deposition (e.g. [6]). As site-specific data is limited in terms of 
spatial distribution and the seismic 3D data available for the Ketzin site is not able to resolve the internal 
structure of the Stuttgart Formation, the presented reservoir model follows an integrated geological 
concept taking into account the basin-wide observed characteristics of the Stuttgart Formation as well as 
site-specific point and spatial data. In general, the construction of the reservoir model is based on the 
geological concept discussed in more detail by Norden and Frykman [4] using a geostatistical approach to 
describe the facies distribution and the reservoir architecture of the formation. This model was updated 
using a revised interpretation of the seismic data and further adapted based on the available monitoring 
data. 
In the current model, top and bottom of the reservoir were revised based on the re-interpretation of the 
available 3D seismic data. In addition, the fault system at the top of the Ketzin anticline structure was 
integrated into the reservoir model. The horizontal and vertical resolution of the model was chosen in 
order to allow the reproduction of the spatial CO2 plume migration and the prediction of its future 
development. Therefore, the 72 m thick reservoir formation was subdivided into the three zones a, b, and 
c (from top to bottom). The uppermost zone (zone a), where the main reservoir sand is located, shows a 
thickness of 24 m and was discretized by 0.5 m in the vertical direction. Zone b has a thickness of 12 m 
and a vertical discretization of 1 m, while zone c with a thickness of 36 m was discretized with 3 m. For 
all zones, the horizontal discretization of the geological model amounts to 5 m x 5 m.  
The conceptual facies model of all zones focusses on the two major facies types, represented by 
floodplain facies and channel facies. Due to the sparse borehole data available from the Ketzin area, the 
further interpretation of the sandstone as channel depositions or levee-crevasse deposits is difficult. From 
literature, no levee and crevasse sequences were encountered in Central Germany [7], whereas in 
southern Germany, levee-crevasse deposits were described by Ricken et al. [8]. We still assume that 
levee-crevasse deposits are not present or of subordinated occurrence. The characteristics of the facies 
modelling, which was performed using the Petrel software package [9], are shown in Tab. 1. The channel 
properties were derived from borehole analysis (CO2 Ktzi 201/2007) and estimated based on the results 
of a revised spectral decomposition (SD) of the 3D seismic as initially performed by Kazemeini et al. 
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[10]. The results of the revised SD were also used as an additional input for the facies modelling, serving 
as a probability map for the occurrence of the channel facies. In order to reproduce the monitoring results, 
especially the 3D repeat seismic [11-12] further artificial boreholes were introduced to the static 
modelling to guide the stochastic simulations. After several possible realizations of the facies geometry 
were established, the distribution of petrophysical properties within the facies needs to be addressed. This 
was modelled using a sequential Gaussian simulation. Based on the petrophysical core and log data 
available from the site [13], variograms of total porosity and effective porosity for the channel and 
floodplain facies, respectively, were established and extended by literature data [14]. In a first step, total 
porosity was simulated. Based on the seismic SD trend-maps of the total porosity distribution were 
established, allowing a co-Kriging of this parameter for the channel facies. Then, effective porosity was 
modelled using the established variograms and co-Kriging with the results of the total porosity simulation 
for the channel facies. In a last step, permeability was calculated using the determined poro-perm 
relationship for the different facies environment [4]:  
a) Channel facies:  PERMC = 9 x 106 x PHIT6 and  
b) Floodplain facies:  PERMF = 9 x 1010 x PHIT14.5.  
The parameters and values used in the petrophysical modelling are summarized in Table 2. 
Table 1. Input parameters used in facies modelling 
a) For zones a and b    b) For zone c   
 Min. Mean Max. Min. Mean Max. 
N/G ratio - 0.38 - - 0.28 - 
Channel direction 345 355 370 0 45 60 
Channel amplitude 400 1,200 2,500 400 1,200 2,500 
Channel wave length 4,000 5,000 8,000 4,000 5,000 8,000 
Channel width 100 480 1,600 100 480 1,600 
Channel thickness 1 4 8 1 3 10 
Table 2. Parameter and values used for petrophysical modelling of all zones. Exception: For zone c, an anisotropy azimuth of 15 
was used (asterisk in the table) 
 Min. Max. Vert. Comments 
Total porosity  
channel facies 0.08 0.30  
Allowed output range, collocated co-Kriging with channel 
trend map (correlation coefficient 0.8) 
Effective porosity channel 
facies 0.01 0.26  
Collocated co-Kriging with total porosity (correlation 
coefficient 0.8) 
Total porosity floodplain facies 400 2,500  Allowed output range 
Effective porosity floodplain 
facies 0.01 0.24  
Collocated co-Kriging with total porosity (correlation 
coefficient 0.8) 
Anisotropy range 
Anisotropy azimuth 
250 m 
345* 400 m 1 Variogram input 
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3. Dynamic flow modelling
The involved work groups from GFZ German Research Centre for Geosciences, University of 
Stuttgart and UFZ Environmental Research Centre Leipzig used four different numerical simulators and
different strategies to calibrate their models to the Ketzin pilot site monitoring data. All simulations were
based on the same revised static geological model discussed above.
3.1. GFZ German Research Centre for Geosciences simulation results using TOUGH2/ECO2N and 
ECLIPSE
The GFZ Hydrogeology Section work group used the industrial standard simulator ECLIPSE 100
[15][Schlumberger, 2009] and the scientific open source simulator TOUGH2-MP/ECO2N [16-17]. Model
implementation and parameterization are discussed in detail in Kempka et al. [18] and Kempka and Kühn 
[19], while long-term CO2 trapping mechanisms and pressure effects are addressed by Kempka et al. [20] 
and Klein et al. [21]. Pressure matching was undertaken using a near-field (near-well) and a far-field area 
determined by the size of the CO2 plume after a simulation time of 400 days. Different permeability
tensors (determined by permeability multipliers in the main axial directions) were applied at the near and
far-field present in the reservoir model. Fig. 1 illustrates the downhole pressure monitored at the 
CO2 Ktzi 201/2007 injection well [22] and the pressures simulated with the TOUGH2 and ECLIPSE
simulators. The simulation results are in good agreement with the observed data with a deviation of less
than 3 %. Differences occurring between the TOUGH2 and ECLIPSE simulator are discussed in Kempka
and Kühn [19] in detail.
Fig. 1. CO2 Ktzi 201/2007 injection well downhole pressure simulated with the TOUGH2 and ECLIPSE simulators is in good
agreement with the observed data
Fig. 2 shows the comparison of simulated downhole pressure in the CO2 Ktzi 202/2007 observation 
well with the observed data which was recorded for about one year during the Ketzin pilot site operation.
A slight deviation (less than 1 bar) can be observed towards the end of the simulation runs potentially
associated with the implemented boundary conditions [18].
The CO2 mass balance for about four years of simulation time is plotted in Fig. 3. The amount of 
gaseous and dissolved CO2 shows low deviations during the injection period for the simulations carried 
out using TOUGH2 and ECLIPSE. The free gas phase calculated by DuMuX is about 10 % higher after 
four years.
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Fig. 2. CO2 Ktzi 202/2007 monitoring well downhole pressure simulated with the TOUGH2 and ECLIPSE simulators is in 
excellent agreement with the observed data
Fig. 3. CO2 mass balance calculated with the ECLIPSE, TOUGH2 and DuMuX (discussed in the following paragraph) simulators for 
about four years of simulation time
After applying two different permeability tensors to the geological model, simulated CO2 arrival times
as discussed in Kempka and Kühn [19] show deviations of 6 % (ECLIPSE) to 11 % (TOUGH2) for the
CO2 arrival in the first observation well (CO2 Ktzi 200/2007) and 6 % (ECLIPSE) to 15 % (TOUGH2)
for the second one (CO2 Ktzi 202/2007). This variation is accounted to the well implementation available
in ECLIPSE (well flow equations) and the work around applied in the TOUGH2 simulations to account 
for CO2 injection into the Stuttgart Formation in the numerical model [19].
3.2. University of Stuttgart simulation results using DuMuX
The work group from Stuttgart University applied the numerical simulation environment DuMuX
(www.dumux.org; [23]). DuMuX is an in-house product, specifically designed for flow and transport of 
multiple fluid phases through porous media and based on DUNE (Distributed and Unified Numerics
Environment, www.dune-project.org). The results of this study are obtained with the isothermal CO2
module including compositional effects. DuMuX offers implementations of different spatial discretization 
methods. For the present study, both the Box method and a cell-centred finite volume scheme were tested.
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In the following two different approaches carried out by the Stuttgart University work group are 
briefly discussed. The first one uses the Box method on a tetrahedron mesh and follows the same strategy
as applied by the GFZ work group, i.e. fitting two permeability tensors, thereby distinguishing between a
near- and a far-field. The second approach uses a hexahedron mesh, in fact a very similar mesh as
Kempka and Kühn [19] applied, and the cell-centred finite-volume method. Another history matching
strategy is pursued here, where an inverse model is applied to match less parameters than before to the
data during the first 50 days, and a subsequent extrapolation to the full injection period is applied.
The tetrahedron mesh required a mapping of the permeability and porosity values provided on a 
hexahedral grid in the reservoir model. The tetrahedron grid has a circular refinement region around the
injection well and observation wells with a coarser resolution in the far-field. The hexahedron mesh is
also refined around the injection well. Both meshes are shown in Fig. 4.
Fig. 4. Tetrahedron (left) and hexahedron mesh (right) with the mapped permeability fields
The discretization length in the hexahedron mesh is 5 m in the near-well region in horizontal direction
and 0.5 m in vertical direction in the upper part of the formation, increasing to 2 m in the middle and 5 m 
in the lower regions of the formation. In the tetrahedron mesh, the grid resolution is below 2 m in the 
near-well region. However, due to grid quality requirements, the horizontal and vertical discretization 
lengths are linked to each other. Thus, the vertical resolution of the tetrahedrons cannot always resolve
the strongly channelled structure of the geological model as defined by the 0.5 m resolved (in the vertical)
hexahedrons. This is even more severe in the far-field, where the vertical heterogeneity cannot be
represented well by the coarse tetrahedrons. This issue of gridding and mapping of geological data needs 
to be kept in mind when comparing the different history matching results. The pressure match obtained
with the tetrahedron approach using the same six multipliers as the GFZ work group is shown in Fig. 5.
Tab. 3 lists the different sets of fitted permeability multipliers.
Table 3. Different sets of fitted permeability multipliers
Simulation 1 Simulation 2 Simulation 3
Region Near-well Far-field Near-well Far-field Near-well Far-field
-direction 0.34 0.34 0.272 0.85 0.136 1.02
r y-direction 0.07 0.07 0.056 0.175 0.028 0.21
Mulitplier z-direction 0.07 0.07 0.056 0.175 0.028 0.21
Arrival at CO2 Ktzi 200/2007 (days) 25.5 26.92 27.7
CO2 Ktzi 202/2007 (days) 502.46 562.24 765.82
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Fig. 5. Pressure at the injection well CO2 Ktzi 201/2007 (left) obtained with the tetrahedron mesh and fitting of six permeability 
multipliers 
The reduction of permeability leads to a significant overestimation of the arrival times, in particular at 
the CO2 Ktzi 202/2007 well. This discrepancy is assumed to occur due to the applied mapping of the 
geological model to the tetrahedron grid (inverse distance method). Therefore, the second approach with 
the hexahedron mesh is undertaken using the cell-centred finite-volume method. This second approach 
involves (i) estimating three parameters by inverse modelling of the first 50 days (ii) extrapolating the 
matched model to the full injection period and further adapting the model parameters to match the 
pressure measurements, and (iii) insert a local geological feature according to the characteristics in the 
reservoir for matching the second arrival time. This procedure is described in detail in Walter [24].  
Fig. 6 displays the matched pressure curves for the second approach. The left figure shows that with 
the global multipliers, the extrapolated best-fits from the 50 days inversion lead to a significant deviation 
after roughly 400 days. Distinguishing between near- and far-field, the pressure can be matched with very 
similar accuracy as presented above by the GFZ work group. The arrival time may be matched either by 
implementation of a local hydraulic barrier in the upper part of the formation between the injection well 
and the second observation well (as described in [24]) or by anisotropic permeability multipliers as 
applied by the GFZ work group. 
 
Fig. 6. Pressure match for different sets of estimated parameters (left and right) obtained with the hexahedron grid 
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3.3. UFZ Environmental Research Centre Leipzig simulation results using OpenGeoSys 
OGS (OpenGeoSys) is an open-source platform for numerical simulation of coupled thermo-hydro-
mechanical / chemical (THM / C) processes in porous and fractured media (www.opengeosys.org). The 
object oriented finite element code is designed for applications in geomechanics, catchment hydrology 
and energy research [25]. 
A fine finite element mesh is necessary to cover the details of the geometry and the material properties 
of the Stuttgart Formation at the Ketzin pilot site. This leads to a large number of unknowns of the 
equations to be solved. In the present study, we employ PETSc routines and data structures to parallelize 
the finite element computing. The current parallel finite method takes the overlapping domain 
decomposition approach. As a prerequisite of this approach, the finite element mesh has to be partitioned 
into subdomains, which is done by using METIS before starting a simulation. With the current parallel 
finite element scheme, a parallel finite element method simulation is conducted with the procedures of: 1) 
partitioning mesh by using METIS, 2) starting the parallel finite element program, 3) reading subdomain 
mesh or partition generated in step 1 in the parallel manner such that the memory usage of the mesh is 
distributed to computer nodes, 4) parallel assembling of the matrix and the vector of the subdomain, 5) 
assigning boundary conditions locally, and 6) solving the linear equations with the solver provided in 
PETSc package. For the domain discretization, we use the mesh generated by the University of Stuttgart 
group (cf. Fig. 4, left) which is based on the GFZ work group hexahedron grid. The mesh consists of 
4,043,119 tetrahedral elements and 707,713 nodes. Porosity and permeability data interpolated to that 
mesh were provided by the University of Stuttgart work group. 
The hydraulic steady state of pressure is used as the initial condition. CO2 injection into the Stuttgart 
Formation is simulated with a maximum time step size of one day for 1,596 days. In the OGS model, the 
injection well is represented by a straight line treated as a Neumann boundary condition, where the 
injected CO2 mass is uniformly distributed. To account for CO2 migration and track the injection pressure 
history, the diagonal entries of the permeability tensor are multiplied with different sets of constant 
factors. By applying a global permeability scaling factor of 0.09, the simulated injection pressure 
variation at a specified observation point is close to the observed data as plotted in Fig. 7.  
 
Fig. 7. Downhole pressure at a specified observation point plotted against the data observed at the CO2 Ktzi 201/2007 well 
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4. Conclusions 
A revision of the static geological model of the Stuttgart Formation at the Ketzin pilot site was carried 
out in the present study based on a re-interpretation of the available 3D seismic data and integration of the 
fault system present at the top of the Ketzin anticline. Matching the recorded pressure data at the injection 
well and CO2 arrival times at both observation wells of the Ketzin pilot site requires the introduction of 
distinct near-well and far-field permeability tensors. Taking this into account TOUGH2, ECLIPSE and 
DuMuX simulation results show a good to excellent agreement of simulated and observed pressures. 
Regarding the arrival times, the model reacts very sensitive to geological features which can change 
locally severely by using different mesh resolution. Thus, a matching of the arrival time, i.e. a point 
information, is associated with huge uncertainty regarding the underlying geological model. DuMuX 
simulations demonstrate that application of tetrahedral elements can make it impossible to maintain the 
porosity and permeability distribution given by the initial hexahedral grid. OpenGeoSys simulations again 
emphasize the required introduction of near- and far-field, since the simulations carried out demonstrate 
that a reasonable pressure match may not be achieved by application of a single permeability tensor. 
Our intercomparison study demonstrates that a further revision of the static geological model of the 
Stuttgart Formation at the Ketzin pilot site is required in addition to an assessment of uncertainty of the 
observed arrival times and permeability anisotropy. As a consequence, we aim to integrate the results of a 
new tracer test started in January 2013 into our numerical models as these become available, since the 
obviously present permeability anisotropy in the Stuttgart Formation, which is also supported by the 3D 
seismic interpretation, may have a relevant impact on predictive simulations of CO2 plume migration and 
reservoir pressure development. In addition to that, further efforts are currently invested into an integrated 
analysis of 3D seismic data recorded and dynamic flow simulation results. 
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